Abstract. The formation of intermetallic compounds (IMC) at the solder-substrate interface is required to initiate the metallurgical bond. However, rapid growth of IMCs may degrade joint strength through i) the increased presence of a low toughness phase, ii) the consumption of the solderable surface (void formation) and iii) generation of primary and secondary stresses. Knowledge of mass transport and reaction processes during joint formation and service life are essential for solder system design. The mathematical description of inter-and reactive diffusion in open system presented here is based on Darken method (bi-velocity), involving the different molar volumes in the system. It combines the interdiffusion, reactive diffusion and the effective flux constraints to couple processes occurring at different time scales. The rCADiff software serves as a tool to simulate simultaneous growth of two Cu-Sn IMCs (Cu 3 Sn and Cu 6 Sn 5 ).
Introduction
Many processes, which lead to the formation and growth of IMCs layers, have also an influence on the integrity of solder joint. The solder ability of printed circuit boards may depredate by the consumption of the substrate, the IMC's penetration into the printed surface. These processes hinder the wettability of the soldered substrates in subsequent stages of the soldering. The elements to be joined (substrates) can be thin enough to "vanish" during solid state intermetallic growth and as a consequence cause failure of the solder joint. There are numerous reports on the interrelation between solder joint failure and the layer thickness of the brittle interfacial intermetallics. Therefore, the mathematical description of the heterogeneous reactions (IMC formation and growth) is crucial to optimize the solder joint formation and service life.
First attempts to mathematically describe heterogeneous reactions were driven by an urgent need to explain high-temperature oxidation processes of metals, as well as the occurrence of new phases nucleated at metal/gas interfaces. Yurek, Hirth, and Rapp (1974) [1] as well as Fromhold and Sato (1980) [2] proposed a theory for the simultaneous formation of two oxide phases on a pure metal under diffusion-controlled and local equilibrium conditions at the phase boundaries. In their models, the thicknesses of the individual product layers were dependent on the relative thermodynamic stability and diffusivities. The different molar volumes of each phase were not considered. Tu et al. [3] considered the growth of a layered compound and then expanded the problem to consider the growth of two layered compounds controlled by bulk diffusion and interfacial reactions. Layer growth is controlled by the diffusion flux of atomic species and the reactions that take place at the interfaces. The growth of bi-layered compounds represents a competition situation and allows the direct comparison of the individual growth rates of the phases. This can lead to situations where one of them vanishes entirely.
In this paper a new approach, the bi-velocity method [4, 5] , to the competition and the simultaneous growth of the intermediate phases is formulated and solved. The method is based on the material (lattice) fixed frame of reference. The diffusion occurs relatively to the crystal lattice (in the material frame of reference) that owing to reactions and Kirkendall effect is moving. In another words, the processes at interfaces and within diffusion zone lead to the lattice shift due to the differences of intrinsic diffusivities and molar volumes.
The fundamental Wagner [6] and Darken [7] methods are extended here to include different molar volumes of the reaction products. The new method allows computing the material velocity in the reacting system in which reactions at several moving interfaces occur [4] . The following peculiarities are taken into account: (1) the deviation from local equilibrium at all interfaces; (2) the mobilities of the components in the bulk and interphase zone; (3) the different molar volumes of the components.
The bi-velocity method in the reactive diffusion
The bi-velocity method [4, 5] was inspired by the extended Darken method involving the different molar volumes in the system and Wagner time dependent boundary conditions [3] . It combines interdiffusion, reactive diffusion and volume continuity equation (i.e. the volume density conservation law) to couple processes occurring at different time scales. The equation of mass conservation and the constitutive formulae describing the fluxes allow for a quantitative description of the diffusion transport phenomena in open systems. The quantitative analytical relations for the steady-state reactive diffusion in the binary system with the two growing phases were presented by Gusak et al. [9] . In ternary and higher-order systems, analytical solutions can no longer be determined. In such cases, more advanced methods have to be used. The bi-velocity mathematical model presented below was implemented in the rCADiff software [8] used where the non-steadystate reactive diffusion in the Cu-Sn system is effectively simulated using the bi-velocity method and the steady-state approximation. Both types of solutions converge when reactive diffusion in the Cu-Sn system is simulated. This comparison confirms the consistency of: (1) the quantitative analytical formula describing the steady-state reactive diffusion and (2) the non-steady-state approach based on the bi-velocity method.
The central assumption of the bi-velocity method of reactive interdiffusion states that the flux across any phase explicitly depends not only on the transport in each phase layer but also on the transport in all sub-layers and through all phase boundaries. The method allows the mixed local equilibrium conditions (ortho-and/or para-equilibrium conditions [9] ) at every phase boundary i.e. on both sides of each phase boundary zone. Solution of the bi-velocity method allows one to define the lattice fixed frame of reference (material reference frame). The noncompensated diffusion fluxes generate drift at interfaces as well as within the diffusion zone (Kirkendall effect, the Darken method) [9] . The quantitative descriptions of the transport (the conservation laws, the boundary conditions and the initial conditions) are as follows:
(a) The mass conservation law. Chemical reactions are not considered within the diffusion zone (reactions occur only at interfaces), (b) Volume continuity equation (VCE). The overall and partial molar volumes,
Ω , are intensive parameters and are not conserved. The overall molar volume density of every phase equals unity and allows determining the volume of the evolving/reacting system.
(c) Boundary conditions in the model follow from Leibnitz's rule. The volume produced due to the reaction (unbalanced fluxes) at the boundaries of the j-phase. Detailed information about the boundary condition used has been already presented [9] .
(d) Initial conditions for both, the evolutionary (general) and quasi-stationary methods are initial distributions of the components in every phase, initial thickness of each sub-layer ( j-phase) and constant thickness of every phase boundary zone.
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(e) Data: constant diffusion coefficients in j-phase boundary zone, component diffusion coefficients in the j-phase, constant thickness of the j-interface, the equilibrium concentration for any phase boundary zone and partial molar volumes.
(f) Unknowns: concentrations in each phase, thickness of the phases.
Validation of the method
In an attempt to validate the bi-velocity method, kinetic data form isothermal annealing of interfacial IMCs growth were used. The interfacial IMCs were experimentally achieved with use of reflow soldering method. After reflow soldering an intimate contact between Cu and Sn was formed with a certain amount of interfacial IMCs present. Figure 1 shows a schematic representation of the modeled heterogeneous solid state reaction between pure Cu and soldering alloy (SAC405) used in soldering technology.
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Figure1. Cross-section of a typical solder joint, a. and SEM/BSE image of interface Cu/SAC405 fabricated by reflow soldering technique, b.
For validation purpose (to reduce the number of components in the system) as a model experiment we use as filler pure Sn. The details of the experiment procedure are presented in [10] . The rCADiff software was used to simulate kinetic of simultaneous growth of the Cu-Sn IMCs.
Comparison of the experimental data and simulation of the simultaneous growth of the IMCs: Cu 3 Sn and Cu 6 Sn 5 between pure Cu and Sn is presented in Figure 2 . The error bars represent the three standard deviation of the mean. The three marked standard deviations account for 99.7% of the sample population studied. The initial conditions shown in Figure 2 present the IMCs thickness after reflow soldering and 3h annealing. The initial conditions of the IMCs thicknesses were chosen for 3h of annealing, because the thicknesses after reflow process were very thin and distinguishing between one and another IMC layer was not possible. For the determination of the IMC layer thicknesses, the interfaces between Cu 3 Sn|Cu 6 Sn 5 and Cu 6 Sn 5 |Sn cannot be considered planar as seen in the electron micrographs. The Cu 6 Sn 5 |Sn interfaces obtained by the reflow technique and after 3h annealing time show a nonuniform thickness (escallop-like grains). Therefore, a graphical integration was used to determine the area spanned by each IMC phase and the mean thickness obtained by dividing this value by the frame length. The Image-Pro Plus software was used to integrate the area of Cu 3 Sn and Cu 6 Sn 5 IMC layers, resulting in the area values A j . The interdiffusion coefficients used for the computation of kinetic growth of interfacial IMCs were based on available literature data [11] [12] [13] [14] [15] [16] presented in Figure 3 . The results presented here demonstrate that the bi-velocity method allows simulating the whole reaction time until the thermodynamic equilibrium is reached. This method allows for a quantitative description of the diffusion controlled solid-state reactions over the whole reaction period starting from the initial nano-all the way to millimeter thickness of the reaction products) The bi-velocity method is consistent with the steady steady-state solution of the reactive interdiffusion model. The presented experimental studies of the joint formation enhanced by modelling allow for the successful development of new and innovative joining techniques: 1) provide overview over the parameter space, 2) reveal new directions for continuing experimental work, 3) allow to understand the influence of all pertinent parameters on the desired properties, 4) provide knowledge, which is crucial for the determination of process conditions, 5) elucidate the detailed mechanisms of the bond formation and 6) make possible predictions of the final joints and their properties, e.g., service life time and relevant aspects.
